Baylis' semiempirical method has been applied for calculating interatomic potentials and oscillator strengths as a function of internuclear separation of the thallium-noble gas systems. The new potentials for the four lowest molecular states of each diatomic have been compared with the corresponding ones deduced by Cheron et al. from the measurement of continuum emission intensities on the extreme wings of the TI resonance lines due to noble gas perturbers. The calculated potentials differ considerably from the latter ones. The molecular oscillator strengths have been calculated for both the allowed and the forbidden TI transitions. The asymptotic values of the first ones are compared with the corresponding atomic oscillator strengths of other calculations and measurements. The agreement is generally quite good.
Introduction
Interatomic potentials are required, for understanding various physical processes that occur when two atomic particles collide. These are, for example, excitation transfer, quenching of excited states, pressure broadening of spectral lines, depolarization, etc. Such atomic processes have been most widely investigated on the alkali-rare gas atom pairs. Recently, several papers have appeared in which some of the above cited processes had been investigated on thallium-noble gas systems [1] [2] [3] [4] .
Particularly, Cheron et al. have reported on an analysis of the far wing intensities [1] and the shift and broadening of the Lorentzian-shaped line cores of the Tl-rare gas molecules [2] . These authors have also deduced the four lowest potentials of the Tlrare gas atom pairs from continuum emission intensities. As far as the author knows these thallium- Recently, Schlie et al. [3] have reported on the very * Work supported by the Polish Ministry of Science, Higher Education and Technology project MRI5.
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strong emission they had observed from the TIXe system at approximately 6000, 4300 and 3650 Ä. The electronic transition responsible for the continuum band centered at 3650 A is assumed to originate in the TIXe molecular states associated with the 6^1)3/2,5/2 states. Up to now no potentials of the Tl-rare gas atom pairs referring to the higher than 7 2 Si/2 atomic states of thallium have been published. Therefore, one may presume that the new results concerning both the potentials and the oscillator strengths of the thallium-rare gas atom systems enlarge appreciably the information on these systems.
The aim of the present calculations is not to interprete the "measured" potentials of Cheron et al., but rather to provide new results which might be treated as possibly "independent" of the latter ones. This goal could be attained to a certain degree by calculating the adiabatic potentials of the Tlrare gas atom pairs with the pseudopotential method of Baylis [5] . So far this method has been applied with success to the alkali-rare gas atom pairs [5] [6] [7] and to the alkali-Hg molecules [8] , The molecular wave-functions obtained as a result of the calculations have been exploited for computing the oscillator strengths of the Tl-rare gas atom pairs as a function of internuclear separation. These have been calculated for the electronic transitions from the molecular ground-state and from the one associated with 7 2 Si/2 atomic state of TI to all the other molecular states involved. The Baylis' method along with the modifications made in the present calculations is sketched in the following Section.
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The numerical calculations of the adiabatic potentials are described in Sect. 3. The calculation of the oscillator strengths is the subject of the next Section. A general discussion of the results obtained is given in Section 5.
3Iethod of Calculation
The method of calculations used here has been described in detail by Baylis [5] and Pascale et al. [6] in application to the alkali-rare gas atom pairs. The calculations will not change much, if an alkali atom be replaced by a thallium atom. Separating the center of mass motion from the relative nuclear motion and then making the Born-Oppenheimer separation, the effective Hamiltonian //eff of the system consisting of a thallium atom and a rare gas atom is put in the form
where Hx and HB are the Hamiltonians of the free thallium atom and the rare gas atom, respectively, and FTB stands for the interaction between the atoms. In the case of thermal collisions the perturbation of the thallium core and of the rare gas atom is assumed to be quite small in comparison to the perturbation of the valence electron of the thallium atom. Thereby both the states of the thallium core and of the rare gas atom can be described by unperturbed atomic wavefunctions. In turn, the states of the Tl-valence electron become the molecular states of the diatomic and can be expressed in terms of the unperturbed wavefunctions of thallium as their linear combination. Defining the zero energy of the system when the two atoms are in the ground states and isolated, the problem of calculations reduces to finding the eigenvalues and eigenvectors of the Hamiltonian
He(r,R) = H e T(r)+V(r,R),
where is the valence electron Hamiltonian of the free thallium atom. F(r, R) is the interaction between the atoms and r and R are respectively the position vectors of the Tl-valence electron and of the rare gas atom nucleus relative to the thallium nucleus. The interaction term F(r, R) consists of two parts: (I) an electrostatic interaction which is taken to be simply that of a polarizable dipole (the rare gas atom) in the field of the thallium valence electron plus thallium core; (II) a repulsive part which has been introduced to replace the procedure of antisymmetrizing the molecular Avavefunctions and dominates at small internuclear distances. This part of the Hamiltonian is expressed in terms of the so-called pseudopotentials G(r. R) and W(R) derived on the basis of the Thomas-Fermi statistical model of the atom. Thus we can write
where F(r, R) is the electrostatic interaction between the atoms, which takes the form
for r' = | R -r | ^ tq and
for r'Oo-The adjustable parameter ro being the radius of a sphere surrounding the noble gas atom is to be determined for each atomic pair separately. For the alkali-rare gas systems this was done by fitting the well depth of the calculated ground state potential to that obtained from atomic beam scattering experiments [5] . However, for the Tl-rare gas systems this procedure could not be used for lack of the corresponding scattering data. Therefore, the radius ro had to be determined here in another way (comp, the following Section). The pseudopotential G(r. R) which represents the effect of the Pauli exclusion principle and concerns the "Pauli interaction" of the thallium valence electron with the rare gas atom can be expressed in terms of the radial electronic charge density of the noble gas atom £B(0 as
The other pseudopotential IF (R) which simulates the Pauli exclusion principle for the repulsion between the thallium core and a rare gas atom can be expressed as
where or{r) is the radial electronic charge density of the thallium core and mc is the electronic mass. The radial electronic densities are expressed in the form S(*)= r 2C(s)y^s ) exV{-2ß(s)x} (7) 4 71 s and have been calculated by means of the simplified self-consistent field method by Gombas [9, 10] . The sum is taken over all occupied shells of the atom. The parameters a (s) and ß (s) are determined by a variational calculation and are normalization coefficients. The Hamiltonian (2) is subsequently diagonalized in the Tl-valence electron wavefunctions *.
These are taken in the | (nls)jm,j) -representation, where the thallium wavefunction is a product of a radial part multiplied by a spin-orbit coupling function. The eigenvalues of the Hamiltonian obtained in this manner for various values of the internuclear separation R determine the potential energies of the diatomic. The corresponding eigenvectors are the molecular electronic wavefunctions of the system which depend parametrically on R. Thus the molecular states, which are pure atomic states in the separated atom limit, become a mixture of various atomic states at finite internuclear distances due to the coupling among states. Contrary to the calculations of Baylis [5] and Pascale and Vandeplanque [6] the present calculation differs from the previous ones on two aspects: (I) the atomic radial orbitals used here are the functions suggested by Simons [11] in contrast to the Bates-Damgaard functions applied previously by Baylis and Pascale et al. The Simons' functions differ mainly from the Bates-Damgaard ones as they are finite at the origin and can easily be normalized; (II) the pseudopotential IT(J?) has been calculated here exactly according to (6) without additional approximations introduced originally by Baylis [5] . * In principle, the electronic Hamiltonian (2) should be diagonalized in a complete orthonormal set of eigenfunctions. In practice, one takes a finite basis of atomic states. If the basis states are orthonormal, the problem reduces to diagonalizing the matrix
for each value of m.j, where Enij is the energy of the atomic state | (nls)jm,j s ). As the Simons' functions used here are not orthogonal, there is the small overlap matrix
which has to be taken into account in diagonalizing the Hamiltonian (2) . Therefore, in the present calculation the matrix Hik has been replaced by EiSik + Vik• The matrix Sik is regular, thus the problem reduces to diagonalizing
Et öik + (S-iV)ik.
The previous calculations performed by the author for the alkali-rare gas atom systems [7, 17] have indicated that both these refinements of the original Baylis' calculation were made in the right direction. Namely, many of the calculated potentials proved to be in better agreement with the potentials determined experimentally [12] than the potentials of Pascale and Vandeplanque.
Calculation of the Adiabatic Potentials
The adiabatic potentials of a thallium-rare gas diatomic are obtained as result of the diagonalization of the effective Hamiltonian (2) in a basis of the eigenfunctions of the free thallium Hamiltonian. The atomic basis used in the present calculation is finite and includes all the Tl-states from 6 2 Pi/2 up to 7 2 DÖ/2. AS has been mentioned in the former Section the atomic radial orbitals employed here are the functions suggested by Simons [11] which are normalized but not orthogonal. The other parameters required in the calculation are the thallium energy levels, which are taken from the tables of Moore [13] ; the polarizabilities of the rare gas atoms, semiempirically calculated by Dalgarno and Kingston [14] and the coefficients a and ß defining the radial electronic charge densities of the rare gas atoms were taken from the work of Gombas [9] , but these referring to the thallium core arise from Gombas and Szondy [10] . Next, the pseudopotential TF(-ß) has been calculated by taking into account the two outer core shells of each atom in contrast to the previous calculations [5, 6] , where only one shell was taken in the sum (7). The adjustable parameter ro defining the "radius" of a noble gas atom (as required by the Baylis' method) could not be determined in the manner as it was done previously for the alkali-rare gas systems (comp. [5, 6] ).
For each alkali-rare gas atom pair TQ has been determined by fitting the well-depth of the calculated ground-state potential to that known from the scattering data. Unfortunately, for the Tl-rare gas atom pairs there are no scattering data and this procedure could not be applied here. What is known for the Tl-rare gas systems are the well-depth of the The potentials calculated for TINe and TIHe seem to be of less accuracy than those for the other pairs.
They have mainly been reported for completeness of the results. The values of ro and the polarizabilities of the rare gas atoms used in the present calculation are given in Table 1 . * The adiabatic potentials are usually denoted by the absolute value of the projection of the total angular momentum of the system onto the internuclear axis (quantization axis) taken in parenthesis followed by the corresponding thallium term.
Calculation of the Oscillator Strengths
The electronic absorption oscillator strength at the internuclear distance B for a transition in a thallium-rare gas sj^stem from a lower molecular state described by the wavefunction R)
to an upper molecular state described by Vr'M'
• (r, R) is defined by 2 me iFe^T (8) • From (9) and (10) The molecular oscillator strengths, as expressed by (8), have been calculated for the transitions from the ground molecular state and from that associated with the 7 2 SI/2 thallium state (for both M =±1/2) to all the other excited molecular states involved in the calculation. Then, the molecular oscillator strengths have been obtained for both the allowed and the forbidden transitions of the thallium atom.
Results and Discussion
The present calculations were carried out on the ICL S4-70 computer at ZIPO in Gdansk. For obvious reasons it is impossible to report in this article all the potential energy curves and the oscillator strengths which have been obtained for various thallium-rare gas atom pairs. A full report of the results has been published elsewhere [15] and will be available upon request. Here only their main features will be described and commented. The present calculations have been performed for the internuclear distances varying from 4 a.u. up to 25 a.u. with different step sizes. The four lowest lying potentials for each Tl-rare gas system are demonstrated in Figs. 1-5 , where they are also compared with the corresponding ones determined experimentally by Cheron et al. [1] . All the potential energy curves tend asymptotically to the corresponding TI terms which are marked on the righthand side of each figure. It is obvious that the stability of the higher potentials is not fully ensured, if a finite atomic basis is used in diagonalizing the diatomic Hamiltonian. This refers particularly to the molecular states correlated asymptotically with the highest states of the basis. However, based on the convergence of the potential energy curves with increasing basis it has been found that the potentials reported here from the ground state up to the ones correlated with the 8 2 Si/2 level of the thallium atom are stable.
The potentials calculated possess minima at a certain internuclear separation. Particularly, the molecular term (1/2)7 2 Pi/2 has an extremely deep determined by Cheron et al. [1] . Fig. 3 . Same as in Fig. 1 for Tl-Ar. In the light of the present calculation such shallow potentials associated with the 6 2 Pi/2, 3/2 thallium terms can be understood as a result of the existence of the 6s 2 electrons, the influence of which on the calculated W(R) pseudopotential is appreciable.
For example, W(R) calculated for CsXe [7] tended to zero at about 7 a.u., whereas for TIXe it tends to zero only at 13 a.u. In general, the minima of the potential curves increase as one goes from lighter to heavier rare gas atoms. This can be explained by the increase of polarizabilities with heavier rare gas atoms. It is worth noticing that the calculated potentials have minima considerably shifted towards larger R in comparison to that estimated by Cheron et al. However, it is necessary to remember that these authors were not able to give the right imposition of their potentials because the method used by them did not allow this. They could only deduce the depth of the (1/2)7 2 Si/2 potential and the relationships between this potential and the lower ones. The impositions of their potentials have been estimated less accurately. From Figs. 1-5 we also see that the attractive portions of the calculated (1/2)7 2 Si/2 potentials possess considerably smaller slopes than those of the measured potentials.
One also cannot understand why the calculated (3/'2)6 2 P3/2 potential lies somewhat higher than the (l/2)6 2 P3/2 term, although Cheron et al. suggest that it should be the opposite. If they are right this would mean that the inversion of the calculated terms is rather the result of an inaccuracy of the pseudopotential method. Particularly, the Gombas parameters defining the radial electronic densities of the atoms seem to be of little accuracy. The little accurate Gombas parameters could also explain the fact that the calculated potentials associated with the 6 2 PI/2, 3/2 atomic terms of thallium are so shallow.
Regarding the oscillator strengths calculated here, they prove to behave similarly to the ones calculated by Pascale [16] and by this author [17] for the alkali-rare gas atom systems. It is impossible to compare them with any others because, as far as the author knows, the oscillator strengths reported here are the first ones ever published. However, we can compare the asymptotic values of the molecular oscillator strengths calculated for the transitions which correspond to the allowed thallium transitions with the proper atomic oscillator strengths. This is demonstrated in Table 2 , where some of the thallium oscillator strengths calculated here are compared with others, both those calculated fairly accurately [18] and those measured experimentally [19] . We see that the agreement between our oscillator strengths and the others is quite good. This confirms also the validity of the use of the Simons' functions in the present calculation instead of the Bates-Damgaard ones. The Simons' functions enable one to take into account the contribution from small radial distances of the thallium valence electron, which in the Coulomt approximation is neglected. Some insufficiency ol the Bates-Damgaard functions in calculations of transition moments, particularly for the lowest transitions in the thallium atom, is also discussed by Bardsley and Norcross [18] , The oscillator strengths calculated for the resonance lines of thallium perturbed by rare gas atoms are demonstrated diagrammatically on a semilogarithmic scale in Figures 6-10. Those associated with allowed atomic transitions depend strongly on R in the range of small internuclear distances (up to about 6«o) and tend with increase of R gradually to the corresponding atomic values. In turn, the oscillator strengths corresponding to the forbidden atomic transitions reach quite large values at a certain internuclear distance (in the range of 5-6ao) and then with increasing R decrease rapidly to zero in the separated atom limit. It is worthwhile to notice that the calculated molecular oscillator strengths for the forbidden thallium transitions (P-P, S-S and S-D) are of the same order as those calculated by Pascale [16] for the alkali-rare gas atom pairs.
This allows to expect that as in the case of the alkalirare gas systems also in the tliallium-rare gas mixtures the collisionally induced molecular bands and satellite lines should be observed. (Lennard-Jones 12,6 potential). In this way the present calculations give the CQ coefficients, re-spectively, 3.150, 2.200 and 1.600e 2 cro, whereas those estimated from the Cheron's potentials [lj are only 900, 550 and 300 e 2^. Clearly, further investigations are desirable in order to reach more definite conclusions. It seems, however, that the results reported in this paper can serve as a guide in future use of the thallium-rare gas atom excimers as potential laser systems. Particularly, this concerns the possibility of obtaining a lasing action on the T1 forbidden transition from the metastable 6P3/2 level to the ground state at 1.28 microns. The population of the T1 metastable state is expected to be sufficiently large to obtain the required population inversion [3] . Lasing actions on T1 transitions originating in some upper levels (6 2 D3/2, 5/2) are also to be expected.
Conclusion

